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The cryosorption method is useful for extracting hy-
drogen isotopes from a helium gas stream with a small
amount of hydrogen isotopes. Therefore, in fusion reac-
tors, this method is expected to be applied for the helium
glow discharge exhaust gas processing system and the
blanket tritium recovery system. To design these systems,
adsorption isotherms for each hydrogen isotope are
needed, making it possible 1o estimate the amount of ad-
sorption in a wide pressure range.The amount of tritium
adsorption on molecular sieve 5A, molecular sieve 4A,
and activated carbon, which are potential adsorbents in
the cryosorption bed, at liquid nitrogen temperature were
quantified using the volumetric method. It was found that
adsorption isotherms of tritium were also expressed with
the two-site Langmuir model and that the obtained iso-
therms were close to the reported isotherms, the Lang-
muir coefficients for which were estimated using a reduced
mass of hydrogen isotopes.

I. INTRODUCTION

The cryosorption method is useful for extracting hy-
drogen isotopes from a helium gas stream containing a
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small amount of hydrogen isotopes. When a gas mixture
containing hydrogen isotopes and He is introduced into
the adsorption bed that is kept at cryogenic temperature
using a refrigerant such as liquid nitrogen, hydrogen iso-
topes are adsorbed on the adsorbent, and only He flows
out from the adsorption bed. In fusion reactors, this
method is expected to be applied for the tritium recovery
system such as the helium glow discharge (He GDC) ex-
haust gas processing system or the blanket tritium recov-
ery system. In both systems, hydrogen isotopes including
tritium must be extracted from the He gas stream effi-
ciently. To design these systems, adsorption isotherms for
each hydrogen isotope are needed, making it possible to
estimate the amount of adsorption in a wide pressure
range. Potential adsorbents for He GDC or the blanket
tritium recovery system are molecular sieve SA (MS5A),
molecular sieve 4A (MS4A), and activated carbon. MS4A
is expected to have a somewhat smaller amount of ad-
sorption and a larger isotopic effect than MS5A, and ac-
tivated carbon is expected to have larger adsorption
capacity and a smaller isotapic effect than MS5A (Refs.
1 and 2). Adsorption isotherms for hydrogen isotopes on
these materials at 77 K have been studied, but further
study is still needed, especially concerning tritium (HT,
DT, and T). It has been reported that isotherms for T,
can be estimated from H, and D, isotherms using a re-
duced mass of hydrogen isotopes,® but this has not yet
been confirmed experimentally. Therefore, adsorption iso-
therms for T, on MS5A, MS4A, and activated carbon
are planned and studied in the framework of U.S.-Japanese
collaboration on fusion research and development.
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Il. THEORETICAL CONSIDERATIONS

|
i
i : Cryosorption experiments using MS5A, MS4A, and
; - activated carbon with the breakthrough method have been
performed by Nishikawa et al.!'? using H,, HD, and/or
i D, balanced with helium. Assuming that the amounts of
He adsorption on these adsorbents are much smaller than
| those of hydrogen isotopes at 77 K, Nishikawa et al. have
z proposed the two-site Langmuir model for the adsorp-
i tion isotherms for hydrogen isotopes on molecular sieves
! and activated carbon at 77 K. The two-site Langmuir
model is based on the following assumptions:

1. Molecular sieves or activated carbon have two
kinds of adsorption sites with different adsorp-
tion energies.

2. The Langmuir equation can be applied at each
adsorption site.

Thus, the following equation is applied for the adsorp-
tion isotherm at a single adsorbate system:

as b,

1+bipP,

a‘ilj,'
1+biP;

(1)

i

where

Q; = adsorbed amount of hydrogen isotope (i)
per unit weight of adsorbent (mol Q,/g)

P; = partial pressure of the hydrogen isotope (Pa)

i i
a', b

Langmuir coefficients for the hydrogen
isotope. ’

The two-site Langmuir model can be easily ex-
tended to a multiadsorbate system using the Markham-
Benton correlation.”* For the multiadsorbate system,
adsorption isotherms are expressed as

a’iPi aépi

2

i

1+ D2 biP 1+ D biP,
i=1 i=1

The Langmuir coefficients were reported for H,, HD,
and D, on MS5A, MS4A, and activated carbon at 77 K
(Refs. 1 and 2) and for HT on MS5A at 77 K (Ref. 5). In
this work, the Langmuir coefficients for T, on MS5A,
MS4A, and activated carbon at 77 K are investigated ex-
perimentally, and the aforementioned model is verified.

Langmuir coefficients and parameters concerned
with the adsorption rate of hydrogen isotopes at 77 K have
been reported to relate to the reduced mass of hydrogen
isotopes.? Figure 1 shows the reported Langmuir coeffi-
cients ay, by, a,, and b, for H,, HD, HT, and D,, respec-
tively, for MS5A (Refs. 1, 2, and 5) plotted against the
reduced mass of hydrogen isotopes, and the logarithmic
plot shows that they seem to be proportional to the re-
duced mass. This model has the advantages of having a
FUSION TECHNOLOGY
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Fig. 1. The reported Langmuir coefficients for H,, HD, HT,

and D, for MS5A plotted against the reduced mass in
the logarithmic form.

simple form and being easily extended to a multiadsor-
bate system. Furthermore, if it is confirmed that the ad-
sorption isotherms for T, obtained in this work are in good
agreement with calculated oncs using rcduced mass, it
may become possible to estimate the Langmuir coeffi-
cient for all hydrogen isotopes from the data of only two
hydrogen isotopes.

. EXPERIMENTAL -

Experiments on the isotherm with T, were performed
at the Tritium System Test Assembly at Los Alamos Na-
tional Laboratory as part of the U.S.-Japanese collabo-
ration on fusion research and development.

Figure 2 shows a Schematic diagram of the experi-
mental apparatus. The experiments were performed using
a volumetric method. Samples used in this work were
MS5A (5 -in. pellet) agd MS4A (3% -in. pellet) made
by Wako Pure Chemical Industry, and activated carbon
(12 to 30 mesh) made by Calgon Carbon. Weights of the
charged samples after drying were 14.0, 14.3, and
9.96 g, respectively. Tritium stored in the zirconium-
cobalt alloy packed bed (ZrCo bed) was introduced into
the experimental apparatus by heating the bed. Experi-
mental procedures were as follows:

1. After the volume measurements of the piping, res-
ervoir tank, and sample cell, the sample was charged into
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Fig. 2. A schematic diagram of an experimental apparatus.

the sample cell, and it was heated to 500 K under vac-
uum for >12 h to remove impurities.

2. After heat treatment, the sample was cooled to
77K by supplying liquid nitrogen (LN,) into the LN,
bath.

3. After confirmation that the temperature of the sam-
ple reached 77 X, the vacuum pump was stopped and the
system pressure was recorded. This pressure was to be
the base pressure of the experimental system.

4. After closing the valve of the sample cell, the
prescribed amount of T, was introduced into the system
(piping and reservoir tank), and the system pressure was
recorded.
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5. The sample was exposed to the gas. It took
~20 min or more to reach equilibrium.

6. After the equilibrium state was attained, the sys-
tem pressure was recorded.

7. Steps 4 through 6 were repeated until the system
pressure approached the atmospheric pressure.

‘I'he amounts of adsorbed hydrogen isotopes were esti-
mated from the difference of the system pressure. The
system pressure, which was measured with pressure trans-
ducers made by MKS Instruments, was in the ranges of
0to 5 and 0 to 1000 Torr. After each experiment, the sam-
ple was heated to 500 K under vacuum to remove ad-
sorbed hydrogen isotopes and impurities and was held
until the next run. Isotherms were also taken with H, and
D, to compare with that of T,.

In this work, the effect of *He generation during the
experiment was ignored because the amount of *He gen-
erated from tritium was estimated to be <0.0045% dur-
ing an experiment that took ~7 h. Major experimental
conditions are listed in Table L.

IV. RESULTS AND DISCUSSION

Figure 3a shows the adsorption isotherms obtained
in this work for H,, D,, and T, for MS5A at 77 K. The
adsorption isotherms were expressed well with the two-
site Langmuir model [Eq. (1)], and Langmuir coeffi-
cients were obtained from the fitting of Eq. (1) to the
data. The adsorbed amount of T, was the largest among
the hydrogen isotopes. The isotopic effect on the ad-
sorbed amount was large at low pressure, and it became
smaller with increased pressure of hydrogen isotopes in
the range up o atmospheric pressure. Figure 3b shows
the adsorption isotherms obtained in this work for H,,
D, and T, for MS4A at 77 K. The adsorption isotherms

TABLE 1
Major.Experimental Conditions
Activated Carbon
12 to 30 Mesh
MS5A % -in. Pellet MS4A i -in. Pellet # '~ (American Society for
(Wako Pure (Wako Pure = - Testing and Materials)
Sample Chemical Industry) Chemical Industry) (Calgon Carbon)
Charged weight (g) 14.0 14.3 9.96
Temperature 77K
Adsorbate Hy, Dy, Ty
Reservoir tank 100.76 cm? (295 K)
Pipeline 180.77 cm?® (295K)
Sample cell 144.34 cm? (77K)
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Fig. 3. Adsorption isotherms at 77 K for H,, D,, and T, on

(a) MSS5A, (b) MS4A, and (c) activated carbon.
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could also be expressed well with the two-site Langmuir
model, and Langmuir coefficients were obtained. The ad-
sorbed amount of T, was also the largest among the hy-
drogen isotopes. The isotopic effects on the adsorbed
amount were also large at low pressure, and it became
smaller with increased pressure of hydrogen isotopes, just
as for MS5A. Figure 3¢ shows the obtained isotherms
for activated carbon. Results were similar to those ob-
tained for MS5A and MS4A, but the isotopic effect on
the adsorbed amount on activated carbon was smaller than
for MS5A and MS4A.

Figures 4a, 4b, and 4c show the same data but for
the comparison of the adsorption capacity of MS5A,
MS4A, and activated carbon. In the case of H,, the ad-
sorbed amount is the largest for activated carbon and the
smallest for MS4A under the given pressure region. In
the case of T,, however, the adsorbed amount is the larg-
est for MS4A only in the region <100 Pa. So, the isoto-
pic effect on the adsorbed amount is the largest for MS4A
among the samples tested in this work. From the view-
point of the adsorbed amount and its isotopic effect,
MS4A is a more suitable material for the blanket tritium
recovery system than MS5A or activated carbon because
the partial pressure of hydrogen isotopes in the blanket
sweep gas is considered to be ~100 Pa.

Figures 5a, 5b, and 5c show the comparison of ad-
sorption isotherms obtained in this work and those re-
ported by Nishikawa et al.! In each figure, the isotherm
line for T, was estimated using extrapolated Langmuir
coefficients with the reduced mass. In the case of MS5A,
Nishikawa et al.’s isotherms can express the present data
with fairly good accuracy, but they are slightly different
above ~1000 Pa. Our work shows that the isotopic ef-
fect on the adsorbed amount becomes smaller with in-
creasing pressure, but Nishikawa et al.’s work indicates
that the etfect increases again at higher pressure. In the
case of MS4A, Nishikawa et al.’s isotherms agree with
our data with fairly good accuracy, but they are slightly
different above ~1000 Pa, as seen in the case of MSSA.
Our work shows that the isotopic effect on the adsorbed
amount becomes smaller with increasing pressure, but
the effect increases again at higher pressure in Nish-
ikawa et al.’s report. In the case of activated carbon, the
reported isotherms become larger than experimental
observation above ~1000 Pa. A possible cause of these
differences is the pressure range of hydrogen isotopes.
Nishikawa et al."* have performed experiments with the
breakthrough method usifig He as the carrier gas under
atmospheric pressure. The ranges of the partial pressure
of hydrogen isotopes were <1000 Pa in their experi-
ments. Isotherms reported by them are based on the data
obtained <1000 Pa of partial pressure. This may explain
why these isotherms disagree with our data >1000 Pa.
On the other hand, in the case of activated carbon, their
isotherms are smaller than our data at lower pressures.
Also, in the cases of other adsorbents, Nishikawa et al.’s
isotherms are slightly smaller than our data at lower
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pressures. A possible cause is the adsorption of He mixed
in the stream. Figure 6 shows a comparison of isotherm
data obtained in this work for He and hydrogen isotopes
for MS5A. The amount of adsorbed He at nearly atmo-
spheric pressure is almost same as that of hydrogen iso-
topes at ~10 Pa. This condition is almost same as the
experimental condition reported by Nishikawa et al.!? It
may not be realistic to discuss the adsorption capacity in
a multiadsorbate system using that in a single adsorbate
system, as shown in Fig. 6, but this adsorbed amount of
He is considered to be significant.

As mentioned carlier, isotherms for T, obtained in
this work agree with fairly good accuracy with calcu-
lated ones using Langmuir coefficients estimated from
the reduced mass of hydrogen isotopes. Therefore, as
described in the report by Nishikawa et al.,®> Lang-
muir coefficients for hydrogen isotopes can be known
without experiments only if they are first obtained
experimentally for two other hydrogen isotopes. The

TABLE 1I
Langmuir Coefficients Obtained in This Work for Hydrogen Isotopes for MS5A at 77 K
a) bl [7%) bz
(mol/g-Pa) (Pa~1) (mol/g -Pa) (Pa™!)
MS5A
H, 6.0 X 1076 44 x1073 3.5 X 1077 1.1x 1074
HD* 8.4 x107¢ 6.0 x 1073 37 x10 7 1.2 X 10 *
HT? 9.5x1076 6.8 X1073 3.8 x1077 1.2x107%
D, 1.4 X 1073 9.8 X103 4.0x 1077 1.3x107¢
DT* 1.6 X 1073 1.1 %1072 42 %1077 1.4 x107¢
T, 1.9 1073 1.3 X107¢ 4.5 X107/ 1.5X107*
Interpolation using reduced mass. .
TABLE 1II .
Langmuir Coefficients Obtained in This Work for Hydrogen Isotopes for MS4A at 77 K
ai b1 as - bZ
{(mol/g-Pa) (Pa™1) (mol/g-Pay (Pa™1)
MS4A
H, 44 x107° 3.9x1073 3.5 X 1077 1.1x107*
HD*? 7.4 x107¢ 6.9 X 1073 4.6 xX1077 1.4 x 1074
HT? 92X 107% 8.6 X 1073 5.1x1077 1.5x107*
D, 1.6 X 1073 1.6 X 1072 7.0x 1077 20%x1074
DT® 2.1X1073 2.1%X1072 7.8 X 1077 22 X107
T, 3.0x 1073 3.1X1072 9.2 Xx1077 26X 107*

“Interpolation using reduced mass.
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TABLE IV
Langmuir Coefficients Obtained in This Work for Hydrogen Isotopes for Activated Carbon at 77 K
ay b1 az b2
{mol/g-Pa) (Pa™1) (mol/g-Pa) (Pa™h)
Activated carbon
H, 8.1x107° 4.6 %1073 5.7 %1077 1.0 X 107
HD* 8.6 X107° 50x107? 6.0 X 1077 1L.OX 10
HT? 8.8 X 1076 5.1%x1073 6.2 X 1077 1.1x1074
D, 9.3 X107 55%x1073 6.5 X 1077 1.1x107*
DT® 9.6 X 107¢ 59x1073 6.8 X 1077 L1x 1074
T, 1.0 x 10773 6.4 %1073 7.2 %1077 1.2x107%
Interpolation using reduced mass.
Langmuir coefficients of H,, D;, and T, obtained in this REFERENCES

work are listed in Tables II, III, and IV. The Langmuir
coefficients for HD, HT, and DT estimated using inter-
pelation with the reduced mass are also listed in these
tables.

V. CONCLUSION

Measurements of adsorption isotherms for hydrogen
isotopes, particularly pure tritium for MS5A, MS4A, and
activated carbon at 77 K, were performed. Measured ad-
sorption isotherms were found to be expressed with the

two-site Langmuir model, and Langmuir coefficients were -

obtained.

As a result, it was verified that Langmuir coeffi-
cients correlate with the reduced mass, even for tritium.
This indicates that adsorption isotherms need to be ob-
tained experimentally for only two of six hydrogen iso-
topes to know all of them.
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